Water -in-oil (W/O) 
INTRODUCTION
Water-in-oil (W/O) emulsions have different applications in the food, pharmaceutical and cosmetic industries (1, 2) . A number of studies about emulsions focus on oil-in-water (O/W) systems, but there are few papers about liquid W/O emulsions. The reason for this is low stability of liquid W/O emulsions, which can easily sediment, flocculate or coalescence because of the high mobility of water droplets. A better understanding of interactions between water, oil and emulsifier at the interface and factors that affect emulsion stability would allow production of stable liquid W/O emulsions and, therefore, encourage the development of new products and applications (3, 4) .
The stability mechanism of W/O emulsions differs from the O/W emulsions, which can be stabilized by both steric and electrostatic repulsion. In the case of W/O emulsions, only steric forces are expected to stabilize the emulsion, due to low electrical conductivity of the continuous phase (5) . For that reason, W/O emulsions generally present worse stability than O/W emulsions. Common destabilization mechanisms of emulsions are flocculation, coalescence, sedimentation and Ostwald ripening (2, 6) . In general, emulsions are thermodynamically metastable systems, and therefore the main challenge for W/O emulsion production is to control the system stability, as well as to provide protection against destabilization (7 -10) . Selection of emulsifier is certainly the most important step in emulsions preparation (11, 12) . Moreover, the bulk physicochemical characteristics are important for formation of W/O emulsions and their stability. For example, the density of continuous phase is decisive for stability against sedimentation, viscosity of the inner phase has influence on droplets breakup and their mobility, while the oil polarity can affect the interfacial tension and partitioning of the components at the interface (3). Therefore, in the last decade, better understanding of emulsion stabilization and destabilization mechanisms has become an increasingly interesting area for research (13, 14) .
In addition, chemical structure of the oil, such as fatty acids chains length, degree of unsaturation and molecule configuration, influence on emulsion stability and its use. The grape seed oil is considered to be high quality dietary oil with a high concentration of unsaturated linoleic acid, vitamin E and phytosterols (15) , which are associated with promotion of cardiovascular health by down-regulating low-density lipoprotein cholesterol production (16) .
Olive oil, as main active components includes oleic acid, phenolic constituents, and squalene. The main phenolics include hydroxytyrosol, tyrosol and oleuropein, which have antioxidant activity (17) .
Medium-chain triglycerides are liquid lipid (oil) of low viscosity at room temperature. Fatty acid composition is usually dominated by C8 fatty acids, followed by C6, C10 and C12. Due to its low toxicity to skin and mucous membrane, medium-chain triglycerides are commonly used in cosmetic and dermatological products, as emollient and drug solvent in peroral preparations (18) .
Paraffin oil (mineral oil) is a purified mixture of liquid saturated hydrocarbons obtained from petroleum (19). As it can be concluded from the above, all of these oils and their emulsions have a great potential for application in pharmaceutical, cosmetic, and food industry.
The objective of the present study was a better understanding of the specific interactions between selected oils and surfactant and their effect on W/O emulsion stability. PEG 30-dipolyhydroxystearate (Cithrol TM DPHS), a non-ionic, polymeric emulsifier suitable for double W/O/W emulsions (20) was selected as a surfactant and its interfacial properties were determined by means of tensiometry. Characteristics of the 20% (w/w) W/O emulsions such as droplet mean diameter, droplet size distribution, viscosity and sedimentation stability within 30 days of storage at room temperature were determined by means of dynamic light scattering measurement, optical microscopy, rheology and visual observation of the phase separation. 
EXPERIMENTAL

Materials
Methods
Interfacial tension. Measurements of the interfacial tension between water and oil with various surfactant concentrations were carried out on a Sigma 703D tensiometer (KSV Instruments, Finland) using the Du Noüy ring method (21) . Prior to the measurements, the ring was immersed in deionized water (below the surface), then the oil phase, slowly added on top and the interface, was left for 15 min to equilibrate. The interfacial tension of each system was measured at the point where the ring broke away from the interfacial layer between the two phases. In all measurements, the temperature was kept at 40 o C. The reported values of the interfacial tension were average of three measurements, at least. Concentrations of Cithrol TM DPHS were varied from 0.00001% (w/w) up to 1% (w/w).
Preparation of W/O emulsions. The emulsions were prepared at the water -oil mass ratio 20:80, with different types of oil, while the aqueous phase was deionized water. Continuous phase of emulsions were prepared at room temperature by dissolving the emulsifier (1% w/w) in selected oil. Emulsions were prepared by dispersing a desired amount of water in the continuous phase at 40 o C by means of the homogenizer Ultra Turrax T-25 (IKA, Germany) at 20000 rpm during 10 min.
Rheological measurements. Viscosities of continuous phases and W/O emulsions were determined using an RS600 rheometer (Thermo Electron, GmbH, Germany). The cone-and-plate geometry was used (plate diameter, d = 60 mm, and cone angle θ = 1 o , gap 0.052 mm). Measurements were carried out at the temperature of 25 o C. The shear rates were increased from zero to 200 s -1 and reversely. Viscosities of the emulsions were measured immediately after preparation.
Droplet size and polydispersity index analysis. Particle size analysis of freshly prepared emulsions and emulsions after 7 days of storage was performed by dynamic light scattering (DLS) measurements using a Malvern Zetasizer Nano ZS (Malvern Instruments, UK) at 25 o C. Prior to the measurements, all samples were diluted with oil that was used as the emulsion continuous phase, in order to yield a suitable scattering intensity. Refractive indexes of olive oil, medium-chain triglycerides, paraffin oil and grape seed oil were 1.475, 1.448, 1.462 and 1.475 respectively. DLS data were analysed using the general purpose mode, thus the hydrodynamic diameter (z-average) and the polydispersity index (PI) were obtained. After 30 days of storage, the droplet size of the emulsions was over the measuring range of DLS, so the determination was carried out by photomicrography, using of Leica QWin software. Photomicrographs were taken on an optical microscope, Biooptica BEL-3000, Germany at 40x magnification. Particle mean diameter, expressed as volume-surface mean value, d vs (μm) and standard deviation σ (μm) were calculated from the experimental data:
where d i is droplet diameter and n i is number of droplets. Emulsions stability test. For stability test, the emulsions were transferred into 10 ml graduated cylinders and stored at room temperatures for 30 days. The emulsions were observed for the changes in consistency, homogeneity and phase separation during storage. The oil phase separation from the emulsions was visually monitored at regular time intervals (immediately after preparation, after 7 days, and after 30 days). The total height of the emulsion, H e , and the height of the oil layer, H o , were measured with time laps. The extent of phase separation was characterized by the sedimentation index, H, given as:
A higher value of the sedimentation index indicates a worse emulsion stability.
RESULTS AND DISCUSSION
Interfacial tension measurements
Determination of the interfacial tension of the two-phase system can offer valuable information about stability of the emulsion prepared of the two phases. Furthermore, the rapid decrease in the interfacial tension, with the emulsifier addition, is important for formation of small droplets, which results in higher stability against the gravity force (2).
The behaviour of the emulsifier Cithrol TM DPHS at the W/O interface was determined by tensiometry. The surface tension at the water-grape seed oil, water-medium-chain triglycerides, water-paraffin oil and water-olive oil interface was 19.22, 18.36, 25.49 and 18.44 mN/m, respectively. The changes in the interfacial tension for different oils, with various Cithrol TM DPHS concentrations are presented in Fig. 1 . As it can be observed, the interfacial tension for all investigated systems progressively decreased with an increase in the emulsifier concentration, reaching the lowest value at 0.1% Cithrol TM DPHS. The lowest value of the interface tension (0.16 mN/m) was obtained for the water -mediumchain triglycerides system. Above this concentration, the interfacial tension remained constant, i.e. the W/O interface was saturated with surfactant molecules, and micelles TM DPHS emulsifying properties, the W/O emulsions containing 20% of water, stabilized with 1% (w/w) of emulsifier, were prepared. Viscosities of the continuous phases and corresponding emulsions, droplet size, droplet size distribution, and sedimentation stability of the emulsions were studied in order to better understand the stabilization mechanism and characteristics of the water-in-oil systems. 
Emulsions droplet size and droplet size distribution
Besides the impact on the stability of emulsion, the size and size distribution of emulsion droplets are the parameters that greatly characterize the applied emulsifier. For this reasons, the determination of droplet size in W/O emulsions was performed immediately after the preparation and after 7 and 30 days of storage at room temperature. The droplets in all investigated emulsions, immediately after the preparation, were of nano dimensions, so that DLS was used for size determination. The results are presented in Table 2 . As it can be seen from Table 2 , the smallest droplet diameter (z-average) was obtainned in the emulsions prepared with grape seed oil and medium-chain triglycerides (68.4 and 115.3 nm, respectively), while the droplet mean diameter of emulsion with paraffin oil was 980.6 nm. The PI was in the range of 0.16-0.63, which indicates the differences in size distribution. Namely, the particle populations with very narrow size distribution have PI values in the range of 0.02-0.05, while a PI higher than 0.5 indicates very wide droplet size distribution that can lead to layering of the emulsion (22) . The emulsions prepared with medium-chain triglycerides, grape seed oil and paraffin oil showed a narrow, mono-
Original scientific paper 225 modal droplet distribution (PI from 0.16 to 0.26), as it can be seen from Fig. 2 . In the case of emulsion with olive oil, a bimodal size distribution was observed (PI = 0.63), with first peak at 201 nm and a second one around 4295 nm. Such finding indicates that the emulsion with olive oil stabilized by Cithrol TM DPHS could be of lowest stability, which can lead to phase separation. The light microscope observation of emulsions after 7 days of storage at room temperature, showed the existence of small individual droplets. However, according to DLS analysis (Table 2) , the mean droplets diameter increased in all investigated samples but still remaining in a nano range, except for the emulsion with paraffin oil. The emulsions with medium-chain triglycerides and grape seed oil showed a monomodal droplet size distribution with low PI (Fig. 3) . Bimodal size distribution was observed for emulsions with olive oil (first peak at 190 nm and a second one near 5560 nm) and paraffin oil (first peak at 531 nm and at 5560 nm). Formation of larger droplets occurred as the result of coalescence due to a weak steric repulsion of the adsorbed layer at the interface. After 30 days of storage at room temperature, coalescence of droplets was enhanced in all emulsions, so that their size was determined by photomicrography. The mean droplets diameters (d vs ) and standard deviation are presented in Table 2 . As it can be observed, the mean droplet diameter in all emulsions was around 5 μm. The existence of droplet aggregates was not observed, except for the emulsion with paraffin oil (Fig. 4) It can be noticed that the emulsions obtained with olive oil, grape seed oil and medium-chain triglycerides were stable during 30 days, i.e. no separation of oil layer was observed. Considering that the coalescence of droplets with time in these emulsions was confirmed ( Table 2 .), the sedimentation stability could be due to the existence of single droplets and a small differences in viscosity of the oil and water phase.
In the paraffin oil emulsion phase separation appears with time, pointing to a decrease in its stability. The change in sedimentation index H with time is presented in Fig. 6 . As it can be seen, the sedimentation index changes rapidly during the first 7 days of storage, reaching high value of 70%, and then remains almost unchanged. A bimodal distribution of droplets diameter, accompanied with formation of aggregates (Fig. 4) and very low viscosity of paraffin oil, could be a reason for such sedimentation instability, i.e. phase separation.
CONCLUSION
The investigation of the interfacial behaviour of PEG 30-dipolyhydroxystearate (Cithrol TM DPHS) showed that its addition decreases the surface tension at the water-oil interface, for all examined types of oil, reaching the lowest value at a concentration of 0.1%. Freshly prepared W/O emulsions with 20% water and paraffin oil, olive oil, grape seed oil and medium-chain triglycerides, which were stabilized with 1% of Cithrol TM DPHS, had submicron droplet size, low viscosity and showed Newtonian type of flow. The emulsions made with natural and medium-chain triglycerides oils were stable during 30 days of storage at room temperature. Namely, regardless of the increase in droplets Original scientific paper 228 mean diameter of these emulsions with time, i.e. progressive coalescence, there was no phase separation. Formation of droplet aggregates was observed in the paraffin oil emulsion, thus phase separation occurred with time. The results of this study showed that Cithrol TM DPHS, polymeric emulsifier could be used for obtaining stable W/O emulsions with natural and medium-chain triglycerides oils that could be suitable for pharmaceutical, cosmetic and food application.
